The heat shock response (HSR) is an evolutionarily conserved pathway designed to maintain proteostasis and to ameliorate toxic effects of aberrant protein folding. We have studied the modulation of the HSR by the scrapie prion protein (PrPSc) and amyloid β peptide (Aβ) and investigated whether an activated HSR or the ectopic expression of individual chaperones can interfere with PrPSc-or Aβ-induced toxicity. First, we observed different effects on the HSR under acute or chronic exposure of cells to PrPSc or Aβ. In chronically exposed cells the threshold to mount a stress response was significantly increased, evidenced by a decreased expression of Hsp72 after stress, whereas an acute exposure lowered the threshold for stress-induced expression of Hsp72. Next, we employed models of PrPSc-and Aβ-induced toxicity to demonstrate that the induction of the HSR ameliorates the toxic effects of both PrPSc and Aβ. Similarly, the ectopic expression of cytosolic Hsp72 or the extracellular chaperone clusterin protected against PrPSc-or Aβ-induced toxicity. However, toxic signaling induced by a pathogenic PrP mutant located at the plasma membrane was prevented by an activated HSR or Hsp72 but not by clusterin, indicating a distinct mode of action of this extracellular chaperone. Our study supports the notion that different pathological protein conformers mediate toxic effects via similar cellular pathways and emphasizes the possibility to exploit the heat shock response therapeutically.
Background:
The heat shock response (HSR) is a stress response pathway to counteract proteotoxic effects of aberrantly folded proteins.
Results:
The HSR is deregulated by PrP Sc and Aβ and can protect against toxic effects of PrP Sc , Aβ and a neurotoxic PrP mutant.
Conclusions:
The toxicity of different pathogenic proteins is mediated via similar cellular pathways.
Significance:
Identifying cellular pathways activated by neurotoxic proteins will help to develop therapeutic strategies.
SUMMARY
The heat shock response (HSR) is an evolutionarily conserved pathway designed to maintain proteostasis and to ameliorate toxic effects of aberrant protein folding. We have studied the modulation of the HSR by the scrapie prion protein (PrP Sc ) and amyloid beta peptide (Aβ) and investigated whether an activated HSR or the ectopic expression of individual chaperones can interfere with PrP Sc -or Aβ-induced toxicity. First, we observed different effects on the HSR under acute or chronic exposure of cells to PrP Sc or Aβ. In chronically exposed cells the threshold to mount a stress response was significantly increased, evidenced by a decreased expression of Hsp72 after stress, while an acute exposure lowered the threshold for stress-induced expression of Hsp72. Next, we employed models of PrP Sc -and Aβ-induced toxicity to demonstrate that the induction of the HSR ameliorates the toxic effects of both PrP Sc and Aβ. Similarly, the ectopic expression of cytosolic Hsp72 or the extracellular chaperone clusterin protected against PrP Sc -or Aβ-induced toxicity. However, toxic signaling induced by a pathogenic PrP mutant located at the plasma membrane was prevented by an activated HSR or Hsp72 but not by clusterin, indicating a distinct mode of action of this extracellular chaperone. Our study supports the notion that different pathological protein conformers mediate toxic effects via similar cellular pathways and emphasizes the possibility to exploit the heat shock response therapeutically.
Accumulation of misfolded and aggregated proteins is a hallmark of various neurodegenerative diseases. Prion diseases (rev.
in (1) (2) (3) (4) ) and Alzheimer's disease (AD) (rev. in (14)). Hsps are found in all cellular compartments and organelles. In addition, clusterin is a secreted chaperone shown to be involved in the extracellular protein quality control system (15) . Upregulation of Hsps after acute or chronic proteotoxic damage is mediated by a highly conserved pathway denoted the heat shock response (HSR). At the molecular level, different stressors are integrated through the activation of a single transcription factor, the heat shock transcription factor 1 (HSF1), which binds to specific heat shock element (HSE) sequences present in the promoter region of inducible Hsp genes (rev. in (16, 17) ). An increase in Hsp levels prevents protein aggregation and facilitates correct folding of non-native proteins after cellular stress. In addition, chaperones participate in anti-apoptotic pathways (rev. in (18) (19) (20) 
Exosome isolation
Conditioned media of ScN2a or N2a cells were centrifuged for 10 min at 3,000xg and ultracentrifuged for 30 min at 10,000xg and for 1 h at 100,000xg as described earlier (Fevrier et 
Statistical analysis
Quantifications were based on at least three independent experiments. Data were shown as means ± S.E.. Statistical analysis was performed using Student's t test. P-values are as follows: * p < 0.05; ** p < 0.005; *** p < 0.0005.
RESULTS

The heat shock response is impaired in cell lines chronically exposed to PrP Sc or Aβ
We previously showed that the HSR in scrapie-infected mouse neuroblastoma (ScN2a) cells, which propagate proteinase K (PK)- (Fig. 3D ). Of note, there was no increase in cell death of co-cultured SH-SY5Y cells under the heat shock conditions applied (Fig. 3E) . Indeed, co-expression of either ΔHSF or Hsp72 protected cells against PrPΔHD-induced toxicity (Fig. 6B, C) . In contrast, clusterin, which efficiently interfered with PrP Sc -or Aβ-induced cell death, could not prevent toxic effects mediated by PrPΔHD (Fig. 6D) (66)). For quantification of apoptotic cell death, SH-SY5Y cells were fixed, permeabilized and stained for active caspase-3. n.s. non significant; * p < 0,05; ** p < 0,005; *** p < 0,0005. 
Induction of the HSR or increased expression of
Hsp72 or clusterin protects against PrP
Activation of the HSR or expression of cytosolic
